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ABSTRACT: Organic matter is the result of  concentrating a few non-metals  that  are relat ively rare in the earth's crust. 
Most of  these  essential e lements  are in a rough proport ional i tywithin  phylogenet ic  groupings .  Life is thus work ing  against 
a concentra t ion g rad ien t  to extract or accuululate these  e lements ,  and this metabolic  work is accompl i shed  in interrelated 
and often subtle ways for  many other elements.  The  physiological  requirement  to sustain these e lemental  ratios (com- 
monly  discussed in terms o f  the N:P ratios, but also C:N, C:P, and Si:N ratios) constrains organization at the  cellular, 
organism, and communi ty  level.  Humans ,  as geochemical  engineers,  significantly inf luence the spatial and t empora l  
distribution of  e lements  and~ consequently~ their ratios. Examples  o f  these inf luences  include the changing  dissolved Si : 
nitrate and the dissolved nitrate : phosphate  atomic ratios o f  water entering coastal waters in many areas of  the world.  
H u m a n  socie ty  may  f ind  that  s o m e  desirable or dependent  ecosystem interactions are compromised~ rather than en- 
hanced,  as we alter these e lementa l  ratios. Human-modula ted  changes in nutrient  ratios that  cause an apparen t  increase 
in ha rmfu l  algal b looms  may compromise  the diatom-zooplankton-f ish f o o d  web. I t  will be use fu l  to improve  our un- 
ders tand ing  of  aquatic ecosystems and for  m a n a g e m e n t  pu rposes  if the assiduous attention on one  e lement  (e.g., N or 
P) was expanded  to include tile realities o f  these mutual  interdependencies .  
Introduction 
This br ief  p a p e r  is abou t  the ubiqui tous  influ- 
ence of e l emen t  ratios in aquatic food webs, an 
inf luence that t ranscends the metr ics  of  individual 
e l emen t  loading rates or  concentra t ions .  It  begins  
with a discussion of the evolut ionary origins of  el- 
e m e n t  s to ichiometry  that  establishes their  unmit i-  
gated inf luence on organic composi t ion.  Some  of 
the early ideas abou t  e lementa l  ratios are reviewed 
to d o c u m e n t  their  usefulness, even when  only par- 
tially developed.  Recently developed examples  of  
how ecosystems and their  parts  behave f rom a stoi- 
chiometr ic  perspect ive are then in t roduced ,  in- 
cluding a separa te  discussion of silicon (Si). It ends 
with some observat ions of  how h u m a n - m e d i a t e d  
changes  in e lementa l  flows have implicat ions for 
unders t and ing  ecosystems. T h e  major  perspect ive 
of  this p a p e r  is how the reciproci ty of e lementa l  
flows in ecosystems p roduces  inescapable  con- 
straints on aquatic ecosystems. Most of these gen- 
eralities are no t  new (sensu Morowitz 1968), bu t  
they are wor th  occasionally restat ing them within 
a m o d e r n  context ,  which is what I a t t empt  here.  
T h e  discussion is l imited to ca rbon  (C), n i t rogen  
(N), p h o s p h o r u s  (P), and Si, but  could be fruit- 
fully expanded  with addi t ional  data  and space. 
Life's Elemental Consequences 
T h e r e  was no oxygen in the Ear th ' s  original at- 
m o s p h e r e  ca. four  to five billion years ago. The  
a tmosphe re  then  was an anaerob ic  mix tu re  of  
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mostly NH4, CO, CO> H e, CH4, N> and water  va- 
por. Somehow,  life on Ear th  began  and  evolved 
abou t  a billion years later. Life fo rms  creat ing and 
using gaseous divalent oxygen began  their  ascen- 
dancy abou t  2.S billion ybp, but  the toxic effects 
of  oxygen for anae robes  were avoided as anaerob ic  
metabol i sm became  isolated within cells, a kind of 
metabol ic  refuge or strategic retreat .  Gradually the 
Ear th ' s  thin surface layer became  t ransformed,  
and no t  jus t  in te rms of its oxygen content ,  bu t  
also for  many  o ther  elements.  
T h e  evolving organic  matr ix  on the Ear th ' s  sur- 
face tu rned  out  to be quite different  fi-om the 
Ear th ' s  crust. Abou t  99% of the Ear th ' s  crust con- 
sists of  46.4% O, 28.2% Si, 8.2% A1, 5.6% Fe, 4.2% 
Ca, 2.4% Na, 9.3% Mg, and 9.1% K. All of  these 
eight are metals, except  oxygen. In contrast,  the 
organic ma t t e r  in plants is mostly comprised  of 
nine  macronutr ients :  44.5% C, 42.5% O, 6.5% H, 
2.5% N, 0.8% S, 0.9% P, and three  alkali or alka- 
line earth metals  (1.9% K, 1.0% Ca, and  0.2% Mg). 
Organic  ma t t e r  is thus the result of concent ra t ing  
the relatively rare  non-meta ls  in the ear th ' s  crust. 
Plant nutri t ionists  have identified addi t ional  ele- 
ments  known as micronut r i en t s  which are requi red  
for plant  growth, but  found  in reduced  quanti t ies  
(C1, Si, Mn, Na, Fe, Zn, B, Cu, Cr, Mo, and  Co). 
T h r o u g h  an analysis of their  funct ional  role in 
plants and  on an in ter-e lemental  corre la t ion anal- 
yses of their  occurrence ,  Marke r t  (1994) suggested 
that, in addi t ion to the 11 e lements  men t ioned ,  
many  o ther  e lements  will be found  to be essential 
for some organisms once m e a s u r e m e n t  issues are 
resolved. Si (to be discussed later) ,  for example ,  is 
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essential for diatoms, but  is no t  significant in mos t  
h igher  plants, and,  Ca, B, and  C1 are not  consid- 
ered essential in some bacter ia  and  fungi (Marker t  
1998). T h e  concent ra t ions  of  these essential nutri- 
ents in p lant  biomass are highly corre la ted ( r  2 > 
0.8) with one a n o t h e r  in the aggregate ,  as well as 
in d i f f e r e n t  p r o p o r t i o n s  wi th in  p h y l o g e n e t i c  
g roup ings  (Marker t  1994). 
T h e  concent ra t ion  of e lements  and the evolu- 
tion of e lementa l  ratios in organic mat te r  tells us 
quite a bit abou t  the quanti t ies  and  diversity of  life 
forms. It tells us that  life is working against a con- 
centra t ion gradient  to extract  or accumula te  these 
elements ,  and  that  this metabol ic  work is no t  done  
e l emen t  by e lement ,  bu t  s imultaneously in inter- 
re lated and,  perhaps ,  subtle ways for many  ele- 
ments .  T h e  implicat ion of this s imple observat ion 
is that  affecting the availability of one e lement  will 
have consequences  for individuals and  popula-  
tions. The  result  is that  the evolution of life's bio- 
geochemis t ry  has yielded a reciprocal  a r r a n g e m e n t  
of abiotic and  biotic par ts  whose status and func- 
tional abilities are co-dependent .  
T h e  examples  discussed below are m e a n t  to il- 
lustrate how this reciprocity is ref lected in the pro- 
port ional i ty  of  e lements  moving into, accumulat-  
ing within, and moving  out  of  the b iochemica l  
packages  (which are not  iner t  machinery ,  as some-  
times described,  because they are capable  of inven- 
tive adaptat ion)  ranging  f rom cells to ecosystems. 
I use examples  f rom the aquatic sciences, because 
of the aquatic emphasis  of  this journa l .  T h e  gen- 
eral issues, I think, should be appl icable  to all eco- 
s;istems (and at many  scales) and are i m p o r t a n t  in 
the m a n a g e m e n t  of ecosystems. 
Early Quantification of  Elemental Stoichiometry 
in Aquatic Food Webs 
Results f rom early quantif icat ions of  ecosystem 
s to ichiometry  have had  such p r o f o u n d  inf luences  
on our  unders t and ing  of aquatic s;istems that  fur- 
ther  work on the subject seems eminent ly  worth- 
while. Redfield (1973) had some keen  insights 
abou t  these biotic-abiotic relat ionships which be- 
gan with m e a s u r e m e n t s  of ni trate  and  phospha t e  
in the ocean. When  Redfield looked at some re- 
suits of chemical  analyses to de t e rmine  the con- 
centra t ion of phospha te ,  nitrate,  and carbona te  C 
above  1,000-m d e p t h  in the w e s t e r n  At lan t i c  
Ocean ,  he  observed that the concen t ra t ion  of C, 
N, and  P no t  only changed  with depth,  but  that  
these changes  also varied proport ional ly.  The  ratio 
of the newly appear ing  C, nitrate,  and phospha t e  
was the same in the organisms originally in the sur- 
face waters before  they sank to deepe r  waters, un- 
dergoing  decompos i t ion  a long the way (Fig. 1). 
These  ratios b ecam e  known as Redfield ratios. Red- 
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Fig. 1. The relationship between nitrate-N (y axis) and both  
phosphate-P (left panel) and oxygen used (right panel) for wa- 
ters f rom above 1,000 m in the western Atlantic Ocean. The 
concentrat ions m-e in mg  atoms m -a. Adapted f rom Redfield et 
~a. (1963). 
field (1973, p. 14) said that his ideas abou t  nutri- 
ent ratios: 
" s p r u n g  entirely f rom my teaching of physiology. 
Where  one could de te rmine ,  by measur ing  the 
n i t rogen  in the urine,  the oxygen and  carbon  
dioxide exchange  in the lung . . . .  the idea was 
what the body gave out  was a p r o d u c t  of  what  it 
was burning.  And it was bu rn ing  things in a per- 
fectly definite p r o p o r t i o n . "  
Redfield (1958 p. 14) no ted  the general i ty of these 
observations: 
" I t  is a recognized pr inciple  of ecology that  the 
in teract ion of organisms and  env i ronmen t  are 
reciprocal .  The  env i ronmen t  not  only deter- 
mines  the condi t ions u n d e r  which life exists, but  
the organisms inf luence the condi t ions  prevail- 
ing in their e n v i r o n m e n t "  (Note  that this pape r  
has a ratio of  1:15:105::P:N:C. Richards [1958] 
added  silicate to the list and slightly modif ied  
the ratios, which were d e t e r m i n e d  to be 1:16:16: 
270::P:Si:N:O)." 
Redfield (1988) dist inguished be tween two  dif- 
ferent  nu t r i en t  ratios based on the concent ra t ion  
of an e l emen t  and  the a m o u n t  of that  e l emen t  re- 
leased by the organism u p o n  death. His idea was 
abou t  the products  of  decompos i t ion ,  which were 
d e t e r m i n e d  by knowing the concent ra t ion  of nu- 
trients in the surface waters and  in the water with 
the decompos ing  organisms. It was the change in 
the const i tuents  that he mon i to red  and  drew his 
conclusions from, not  the in situ concent ra t ion  of 
the elements.  T h e  release of  e lements  u p o n  death  
is in nearly constant  p ropor t ions ,  but  may be dif- 
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ficult to observe  amidst  the confound ing  inf luence 
of o ther  factors, including a relatively low rate of  
change  c o m p a r e d  to initial concentrat ions.  T h e  in 
situ concen t ra t ion  was the result of a con t inu ing  
dance conduc ted  unde r  the inf luence of various 
biotic and  abiotic conductors .  It was the e lementa l  
ratios of  the changes  in concen t ra t ion  that were 
similar to the cellular constituents.  
Redfield (1978) though t  it the most  impor t an t  
idea that  h e ' d  ever had,  and  it appea r s  to be his 
most  famous  idea. I t  has been  broadly  appl ied to 
o ther  locations and  ecosystems because it was doc- 
u m e n t e d  well, p resented  persuasively at the r ight  
t ime and place, and has robust  practical and the- 
oretical usefulness. Suppor t  for the idea of growth 
limiting nutr ients  sprang  f rom these relationships.  
Because an organism was composed  of e lements  
with certain p ropor t ions  relative to one  another ,  
the uptake  of these same e lements  might  be af- 
fected by the balance  between pro top lasmic  de- 
m a n d  and external  availability. I f  a nut r ien t  con- 
centra t ion was sufficiently high to overcome sub- 
strate l imitations (and no t  too high to i n h i b i t - - a  
rare c i rcumstance) ,  then  one e l emen t  and not  an- 
o ther  migh t  limit growth if its supply (or loading) 
was low enough ,  for example ,  unde r  the inf luence 
of varying light, t empera tu re ,  turbulence ,  or a 
third e lement .  A system or organism migh t  be in- 
f luenced by these changes  as it moved  vertically or 
horizontally, or r ema ined  in place. Species extir- 
pat ion and exploi ta t ion might  a c c o m p a n y  these 
adjus tments  which occur  everywhere  in the micro-  
scopic to the macroscopic  worlds. Species live in 
relat ionship to the e lementa l  supply of no t  one el- 
ement ,  bu t  of a matr ix  of elements.  This  perspec-  
tive can be m u c h  m o r e  realistic than an a p p r o a c h  
that  includes only the flow of energy a m o n g  vari- 
ous ecosystem parts. It  still underva lues  the com- 
plexity of ecosystems if only because the behavior  
of  organisms is not  inc luded (e.g., Verity and  Sme- 
tacek 1996; Dayton and  Sala 9001). It also provides 
some insights that  s ingle-element  perspect ives do 
not. 
E l e m e n t  S t o i c h i o m e t r y  in Cel l s  a nd  E c o s y s t e m s  
T h r e e  s imple observat ions abou t  food webs con- 
tr ibute to unde r s t and ing  food web stoichiometry:  
nu t r i en t  deficiency is c o m m o n l y  observed for pri- 
mary  p roducer s  and consumers ,  all p reda to r s  re- 
quire food,  and prey are a h e t e r o g e n e o u s  mix ture  
of  nutrients.  Al though  the following examples  
come f rom freshwater systems ra ther  than mar ine  
systems, because they are a ready source for many  
parts  of freshwater  lakes, the discussion is in tended  
to be appropr ia t e  for all aquatic  ecosystems. This  
is not  an un reasonab le  conclusion for  m a n y  rea- 
sons, including the observat ion that bo th  freshwa- 
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Fig. 2. The relationship between algal specific growfll rate 
and the C:N ratio in cultured algae (redrawn from Goldman 
1980). 
ter and  mar ine  systems behave similarly to chang- 
ing N and P concent ra t ions  and  ratios (e.g., Guild- 
ford and  Hecky 2000). 
Cel lu lar  L e v e l  
Cellular organel les  (e.g., nucleus,  r ibosomes,  
m e m b r a n e s ,  mi tochondr ion ,  etc.) are no t  stoichio- 
metrically equal, which implies that their balance 
must  be considered in view of all processes of  the 
entire cell. T h e  variat ion in their  N and P conten t  
may range  f rom 9% to 15%, and f rom 0.3% to 5%, 
respectively, creating N:P ratios ranging  f rom > 
100:1 to 5:1 (Elser et al. 1996). T h e  funct ions  of  
organel les  are therefore  d e p e n d e n t  on the supply 
and turnover  of elements ,  and  may not  be able to 
p e r f o r m  their  tasks as well if the rest of the cell 
does not  have sufficient e lementa l  resources  and 
in the right combinat ion .  Rapid growth in pro- 
karyotes,  for example ,  requires  r ibosomal  DNA 
(for cell division), which has a relatively h igher  P 
conten t  and lower N:P ratio than eukaryodc  ribo- 
somes. Faster growing organisms contain m o r e  ri- 
bosomal  RNA which is rich in P. Slower growth 
results in a lower pe rcen t  P in the whole organism,  
and a h igher  N:P ratio. If  P is in sufficient supply, 
then the C:N ratio may reflect  the growth rate, e.g., 
in algae (Fig. 2). These  e lementa l  relat ionships 
might  change dur ing different  growth stages. 
Predators  an d  Prey  
Predators  and prey  have different  nutr i t ional  re- 
qu i rements  which affect e l emen t  recycling rates, 
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Fig. 3. The growth rates of Daphnia magna fed algae with 
different C:P ratios. Adapted f rom Plath and Boersma (9001). 
e l emen t  ratios, and  organism growth efficiency. Be- 
cause plants are relatively enr iched in C c o m p a r e d  
to predators ,  the plant ' s  energy can be used by 
consumers  to accumula te  nutrients.  If  nut r ients  
are deficient,  the ingested p lant ' s  energy may be 
dissipated by the consumer  ra ther  than  within the 
larger food web; the consumer  may even a b a n d o n  
one prey search pa t t e rn  for another.  T h e  h u m a n  
e q u i v a l e n t  m i g h t  be  a sandwich :  the h u n g r y  
a m o n g  us will eventually search for at least a min-  
i m u m  level of  quality and a m o u n t  of food to be 
put  between the two slices of bread,  or we will 
search for al ternative food. Plath and Boersma  
(2001) provide a freshwater  example .  They  exam- 
ined the nutr i t ional  quality of algae fed to Daphnia 
magna, a freshwater  crustacean.  They  exper imen-  
tally al tered the P conten t  of the algae and  exam- 
ined the response  of Daph,zia in te rms of its growth 
parameters .  The  variat ions in the C:P ratio of the 
algae affected Daphnia growth rates which were 
greatest  at an in te rmedia te  level (Fig. S). A lower 
nutr i t ional  quality of food was compensa t ed  for by 
a h igher  feeding activity (not  shown),  however. 
Plath and Boersma  in te rp re ted  these results to 
demons t ra te  that  the energy in the C bonds  was 
used to acquire  the P in short  supply. Plath and  
Boersma  (2001, p. 1267) carr ied these observa- 
tions further,  not ing  that  there will be consequenc-  
es of this differential  up take  efficiency for m> 
crobes: "As excess carbon most  likely mainly dis- 
sipates as ca rbon  dioxide,  it will not  be available to 
o ther  t rophic  levels, and  hence  we could not  ex- 
pect  a h igher  bacterial  b iomass  in phosphorus- l im-  
ited systems." 
C o n s m n e r  C o m p e t i t i o n  
T h e  variat ions in e l emen t  recycling rates affect 
a species '  e lementa l  ratios and  possibly the result  
of interspecific compet i t ion.  Main et al. (1997) 
showed how differences in freshwater  zoop lank ton  
N:P ratios are related to their  specific growth rates. 
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Fig. 4. Changes in the P and N content  of the zooplankton 
community  (dry weight) in two freshwater lakes following the 
addition or removal of  a bass that feeds on minnows. The min- 
now's prefer red  food is Daphrda raagna (low N:P) rather  than 
the co-existing calanoid copepods (high N:P). The dotted lines 
are N:P ratios (atomic). Data (filled circles) are for weekly mea- 
sm-ements of zooplankton. Shifts in the phytoplankton nuUient  
limitation during the experiments  are indicated (from N to P 
or  f rom P to N). Adapted f rom Elser et al. (1996). 
C o m p a r e d  to calanoid copepods ,  Daphnia have a 
h igher  grazing rate, grow faster (higher  P con- 
tent),  and  have a lower N:P ratio. While feeding 
on food with a low N:R calanoid copepods  will re- 
cycle ingested food (as a by-product)  at an  even 
lower N:P ratio than  that in their  food. In this way 
a calanoid copepod  will preferent ial ly retain the 
relatively scarcer N. Daphnia, which have a lower 
N:P ratio, recycle ingested food with a relatively 
h igher  N:P ratio than is in their  food,  and recycle 
P with less efficiency. Calanoid copepods  recycle 
the N in their  food resources  efficiently if N is 
scarce, result ing in the conservat ion of l imiting nu- 
trients (Sterner  1990). These  differences in energy 
and  nutr i t ional  costs can de t e rmine  the ou tcomes  
of interspecific compet i t ion .  
F o o d  Webs  
Elser et al. (1988) provide  an example  of  how 
the behavior  of  p reda to rs  can change  the N:P ra- 
tios of  food webs in lakes. They  man ipu la t ed  the 
zoop lank ton  food web in two freshwater  lakes by 
control l ing zoop lank ton  p reda to rs  (i.e., minnows) ,  
and  indirectly affected phy top lank ton  growth lim- 
itation because of the al tered N:P ratio in the re- 
cycled materials.  They  accompl ished  this result  by 
adding  or removing  bass which fed on the min-  
nows (minnows pre fe r  D@nia magna over the al- 
ternative food source,  a calanoid copepod ;  Fig. 4). 
As described in the previous example ,  Daphnia 
grow faster than calanoid copepods ,  and  have a 
relatively h igher  P conten t  (h igher  rRNA require-  
ment) .  The  accumulat ion of P results in a lower N:P 
ratio for the zoop lank ton  community.  C o m p a r e d  
to calanoid copepods ,  Daphnia is a relatively p o o r  
recycler of  P, and its p resence  or absence  deter- 
mines  if the N:P ratio available to phy top lank ton  
is h igher  or lower, respectively. When  bass are pre-  
sent, they graze on the minnows  who prey  on Daph 
nia. The  result  is that when  bass are added ,  then 
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Fig. 5. Variations in the percent  N and P in cyprinids, per- 
rids, centrarchids,  and other freshwater fish. Adapted fi'om 
Sterner and George  (2000).  
minnow grazing of Daph,6a declines, the Daph,zia 
popula t ion  increases and  stores P, and  phytoplank-  
ton growth l imitat ion changes  f rom N to P limita- 
tion. It  was the presence  or absence  of Daph,zia, 
control led by preda t ion ,  that changed  the N:P ra- 
tio in the zoop lank ton  communi ty  and  thus affect- 
ed the phy top lank ton  communi ty  composi t ion.  
Direct  s to ichiometr ic  control  by fish is also ob- 
served. The  pe rcen t  N and P in four different  cyp- 
rinid fish species were examined  by Sterner  a n d  
George  (9000) who were interested in the degree  
to which these ratios varied in re la t ionship to the 
quality of their  fishes food supply. S terner  a n d  
George  concluded  that  the C:N:P ratios of  the 
p reda tors  were m o r e  constra ined than the food 
they ate, mean i ng  that  the p reda to r  had  to actively 
control  its diet. They  provide  the example  of a fat- 
h e a d  m i n n o w  (Pimphales prometas) which  con-  
sumed food with a C:N ratio ranging between 7 
a n d  10.5, but  whose whole-body C:N ratio was a 
relatively constant  15. T h e  homeos ta t i c  control  
h a d  to arise f rom differences  in ei ther  N uptake  
or re tent ion,  or f rom lower gross growth efficiency. 
T h e  N:P ratio in minnows and their  food was sim- 
ilar, bu t  varies a m o n g  major  fish species (Fig. 5), 
in par t  because of size, bu t  also because of the pro- 
por t ional  a m o u n t  of  bone  structure.  Assuming that  
their  results apply generally, they concluded  that  
the homeosta t ic  modu la t ion  of nu t r i en t  flux by 
fish has an energet ic  cost arising f rom variat ions in 
food quality, which inf luences algal species com- 
position. O t h e r  feedbacks  can extend to beyond  
the feeding site if fish recycle nutr ients  back to 
their  env i ronmen t  in different  e lementa l  ratios or 
even locations f rom the initial up take  site. Migra- 
tory fish, for example ,  provide  significant amoun t s  
of  P and  N to freshwater  and mar ine  habitats  (IQ-o- 
khin 1975; Durbin  et al. 1979; Helfield and  Nai- 
man  9001; Finney et al. 9009). 
M i c r o b e s  
We may focus a t ten t ion  on the large or charis- 
matic organisms,  but  it is worthwhile to consider  
that  the regulat ion of e lementa l  ratios within 
aquatic food webs is strongly inf luenced by mi- 
crobes, if only because they may domina te  ecosys- 
tem biomass,  the n u m b e r s  of  organisms,  and the 
total ecosystem C flow (Pomeroy  9001). To para-  
phrase  Karl (1999; cited by Pomeroy  2001): "Fish 
swim in a sea of microbes" .  Energetically, bacter ia  
are directly d e p e n d e n t  on the organics leaked 
f rom cells (e.g., dissolved organic  ma t t e r  leachates 
f rom phytop lank ton)  or lost when m e m b r a n e s  are 
c o m p r o m i s e d  (e.g., f rom the sloppy feeding of 
zoop lank ton  or as a result  of viral infect ion).  Both 
fish and  phy top lank ton  are also d e p e n d e n t  on mi- 
crobes because e lementa l  recycling and re-absorp- 
tion is d e p e n d e n t  on, or passes through,  microbes.  
A result  of  microbial  dea th  and growth is the re- 
turn  of nutr ients  to phy top lank ton  or the assimi- 
lation by microbial  predators .  Phytoplankton ,  mi- 
crobes, and  mesozoop l ank ton  (for example)  seek 
their  own e lementa l  equi l ibr ium with each dou- 
bling, and these doubl ing  rates vary enormously.  
C o m p a r e d  to eukaryotes ,  the pe rcen t  P of bacter ia  
p l a s m a l e m m a  and r ibosomes  is three and two 
times higher,  respectively (Elser et al. 1996) and 
the doubl ing  rate of bacter ia  can be less than 1 h 
c o m p a r e d  to 9 wk for zooplankton .  T h e  microbial  
communi ty  thereby indirectly affects food webs 
th rough  a cascading series of inf luences  that in- 
clude regulat ion of e l emen t  flows. 
T h e  S t o i c h i o m e t r y  o f  S i l i c a t e  
Unders t and ing  the role of Si in aquatic food 
webs is of  special interest  for  several reasons,  and 
no t ab ly  so b e c a u s e  of  d i a t o m - z o o p l a n k t o n - f i s h  
food webs. 
Si is 98% of the Ear th ' s  crust, but  the conten t  in 
most  plant  mater ia l  is less than 0.1%, with a few 
impor t an t  exceptions.  Before  the Paleozoic (ca. 
570-995 X 106 ybp) there  was no biological pre- 
cipitation of silica (Siever 1999). T h e  silica cycle 
before  then  was domina ted  by non-biological  re- 
actions a m o n g  minerals,  organic matter ,  and dis- 
solved silica. Then ,  as now, the a m o u n t  of  silica 
loading to aquatic systems was control led by tec- 
tonic activity, weathering,  and  hyd ro the rma l  seep 
activities. Sponges,  radiolarians,  and  silica-secret- 
ing plants first a p p e a r e d  in the Paleozoic, long be- 
fore d ia toms arrived in the Cenozoic  (65 X 106 
ybp) and began  to control  the oceanic silica cycle. 
Dissolved silicate is absorbed  by dia toms to fo rm 
the frustule, which is the external  s t ructure  that  
can be quite beautiful  and distinctive. Conley et al. 
(1989) assembled data on the silica conten t  of di- 
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Fig. 6. The relationship between the silica content and cell 
voltmae for freshwater and brackish/marine diatoms. Lineal- re- 
gressions of the log-transformed data are shown. Adapted from 
Conley et al. (1989). 
a toms  and found  that freshwater  dia toms average 
one order  of magn i tude  m o r e  silica per  b iovolume 
than mar ine  dia toms (Fig. 6). Differences in the 
relative availability of silica in freshwater  and  ma-  
r ine systems migh t  explain these disparities. Ma- 
r ine and freshwater  dia tom uptake  of silica and  
growth depends  on the silica conten t  in the culture 
m e d i u m  (Guilland et al. 1978; Paasche 1973; Til- 
m a n  and Kilham 1976). Freshwater  systems usually 
have a m u c h  h igher  concen t ra t ion  of silica than 
oceanic systems (typically < 2 IXln silicate in the 
open  ocean) ,  so evolut ionary pressures favor light- 
ly silicified mar ine  diatoms. Conley et al. (1989) 
concluded  that the half-saturation constants  for 
the up take  of dissolved silica for mar ine  species are 
an order  of  magn i tude  lower than those of m a n y  
freshwater  species. An addit ional  considerat ion is 
that, unlike fi-eshwater systenls, re-entry into the 
u p p e r  mixed  layer is difficult once mar ine  d ia toms 
sink out of the phot ic  zone.  T h e  m o v e m e n t  of  the 
silica-bearing frustules and  enclosed organic mat-  
ter thus is a significant mechanisn l  for e l emen t  
transfers within oceans. 
Some evidence that the concent ra t ion  of silicate 
is an impor t an t  d e t e r m i n a n t  of d ia tom a b u n d a n c e  
arises f rom field exper iments  by Egge and  Aksnes 
(1992). These  investigators studied the develop- 
m e n t  of  coastal phy top lank ton  communi t i e s  in 
f loating enclosures posi t ioned near  Bergen,  N o >  
way. They  added  various combina t ions  of nutr ients  
with and  without  silica to 11-m ~, 4-m deep  plastic 
bags and found  that  d ia tom d o m i n a n c e  (usually 
Sketetonema costaturn Grev. Cleve) occur red  if the sil- 
icate concent ra t ion  was above an app rox ima te  
threshold of 2 btNi, regardless of  season (Fig, 7). 
Phaeocystis sp., a flagellate, appea red  after a dia tom 
b loom,  but  never  when  silicate concent ra t ions  
were high. Dia tom growth was 5% to 50% higher  
than flagellate growth when silica was not  limiting. 
This  growth rate is consistent with a l i terature re- 
view by Furnas  (1990) who concluded  that  dia- 
toms, unde r  non-l imit ing condit ions,  have a m u c h  
h igher  growth potent ia l  than non-dia toms,  with a 
m a x i m u m  in situ doubl ing  rate of  between 2 and  
4 times daily, but  that  non-d ia tom growth rates are 
general ly below 2.5 doubl ings  pe r  day. An impor-  
tant conclusion he re  is that  d ia tom growth can be 
l imited by the concen t ra t ion  of silicate, indepen-  
dent  of  the silicate : ni t rate  ratio. 
T h e  invent ion of dia toms had i m p o r t a n t  conse- 
quences  for  the global cycling of o ther  elements.  
Tr6guer  and Pondaven  (2000) have a rgued  that  
the increased supply of silica-containing dust to the 
oceans dur ing the last glacial m a x i m u m  (ca. 18,000 
ybp) resulted in enough  addit ional  d ia tom pro- 
duct ion to explain how the a tmospher i c  GO~ con- 
centra t ion d r o p p e d  to 40% below present .  This  
was a result, they argue,  of  the increased C se- 
ques t ra t ion in oceanic sediments  th rough  the fa- 
vor ing of the d ia tom growth over that  of non-dia- 
toms, and the subsequent  lower recycling rate  of 
p l ank ton  p roduc t i on  back to the a tmosphere .  
Officer and Ryther  (1980) p roposed  that  Si is 
often the control l ing nu t r i en t  de t e rmin ing  wheth- 
er an estuarine or mar ine  phy top lank ton  c o mmu -  
nity is composed  of e i ther  dia toms or non-dia toms.  
The  dia tom based food web was described as con- 
t r ibut ing to desirable fishable popula t ions  and the 
non-d ia toms to a flagellate ecosystem that  often 
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Some resul ts  o f  mesoscale  field e x p m i m e n t s  oi- observat ions  on how chang ing  n u t r i e n t  loading ratios affect  coastal food  
Area arad 
Source  Con diti0 ns Nutr ien t s  Observat ions  
Smayda (1990) review- Si:N < 1:1 
Egge and  Aksnes  (1992); 
Egge a n d  Heinadal (1994); 
Egge a n d  Jacobsen  (1997) 
Jacobsen  et N. (1995) 
Bergen,  Norway +ni t ra te ,  + p h o s p h a t e ,  
11 m 3 +silicate 
Norwegian fjord 
11 m a 
+ni t ra te ,  + p h o s p h a t e  
T u r n e r  et al. (1998) Mississippi River delta Si:N < 1:1 
Baltic 150 liters Kuuppo  et al. (1998) +ni t ra te ,  +silicate, 
- m e s o z o o p l a n k m n  
Chauvand  e t  al. (2000) Bay of  Brest Si:N < 1:1 
Svensen et al. (2001) 
Keller et al. (1990) 
Bergen,  Norway 
27 m 3 
Narraganset t ,  Rhode  Is- 
l and  
+ni t ra te ,  + p h o s p h a t e ,  
+silicate 
+N,  +Si 
based  on s t rong inference ,  sugges ted  tha t  the  
world-wide co indden t a l  occur rence  of IIAB 
a n d  chang ing  Si:DIN ratios w-ere related 
(bu t  n o t  m a specific ratio) 
d ia tom growth p reven ted  by low Si concentra-  
tion, increases  with +Si; increas ing  N:P re- 
duces  d ia toms when  Si sufficient, in favor of  
flagellates 
d ia tom increase unt i l  silicate deficiency, when  
flagellates appeared;  n o  increase  in ctfl a 
b iomass  or p r imary  p roduc t ion ;  change  in 
species composi t ion  
collapse of the  d ia tom-zooplankton food web, 
less fecal pel let  p roduc t ion ,  at Si:N::I:I pivot  
po in t  
d ia tom b l o o m  developed with only small  
a m o u n t s  cascading into the  he t e ro t roph ic  
(microbial)  food  webs 
smaller  spr ing b l o o m  despite h i g h e r  N load- 
ing; coincidental  increase in suspens ion  
feed ing  (exotic gastropod,  crepidulafor~ica 
ta) led to increased  biodeposi t ion;  slow Si 
r ecyd ing  sustains d ia tom popula t ion  du r ing  
s u m m e r  with less overall seasonality; avoid- 
ance of undes i rab le  b looms  w-hile the  Si:DIN 
ratio decreased  (and  N increased)  
+Si t r iggered a d ia tom b loom;  + N P  (lower Si: 
N ratios) had  h i g h e r  sed imenta t ion  rates 
fish growth low in control,  in te rmedia te  with 
+N; h ighes t  with + N + S i  (+Si  n o t  done)  
and the moti le  species were able to concent ra te  to 
undesi rable  concentra t ions ,  some of which were 
toxic or noxious.  Richards (1958) used app roaches  
similar to those of Redfield (1934) to de t e rmine  
that  Si and  N are incorpora ted  into dia toms at a 
1:1 a tomic  ratio, which reflects the Si:N in their  
pro toplasm.  Off icer  and Ryther  (1980) no ted  that  
dinoflagellates increase following silica deple t ion  
in m a n y  systems and no ted  the varying and  impor-  
tant  differences in the recycling rates of  Si, P, and 
N, but  made  no specific m en t i on  of Si:N ratios. 
Smayda (1990) did take not ice of their impor-  
tance, however. He  reviewed the empirical  coinci- 
dence  of h igher  N and P nu t r i en t  loading, declin- 
ing Si:N and Si:P ratios, and  increasing world-wide 
incidence of of ten recur r ing  b looms  of non-sili- 
ceous phytop lankton ic  groups,  including ha rmfu l  
algal b looms  (t-LAB). He  developed the strong in- 
ference that nu t r i en t  ratios and the appea rance  of 
nuisance phy top lank ton  b looms  were causally re- 
lated. T h e  results of m a n y  recen t  field experi-  
ments ,  in which nu t r i en t  loading rates have been  
exper imenta l ly-manipula ted ,  suppor t  Off icer  and 
Ryther 's  (1980) and  Smayda ' s  (1990) conclusions 
(Table 1) : the addi t ion or reduct ion  of silicate sup- 
plies results in a rise or fall in dia tom abundance ;  
the Redfield ratio of Si:N::I:I  is a sensitive pivot 
point  below which diatoms, their  predators ,  and 
zoop lank ton  fecal pellet  p roduc t ion  declines pre- 
cipitously; and the flagellate food web is compet i -  
tively enabled  when  the Si:N is < 1:1, and may 
contain noxious  or toxic phytoplankton .  Chang ing  
ei ther  the supply of Si or the ratio of  Si:N can, it 
seems, have quite dramat ic  effects on these aes- 
thetically and economical ly  impor t an t  aquatic food 
webs, which also include avians and  mammals .  
A World  V i e w  o f  N:P and  Si:N Rat ios  
These  s toichiometr ic  relat ionships within natu- 
ral systems occur  within the context  of  p robab le  
future  changes  in nu t r i en t  loadings. The  signifi- 
cance of h u m a n  changes  to C, N, and  P cycling 
(e.g., fertilizers, mining,  industrial p roduc t ion ,  and 
air pollutants)  can be illustrated by expressing 
their  commerc ia l  p roduc t i on  as a pe rcen tage  of 
the s tanding stocks of these e lements  in vegetat ion.  
Marker t  (1998) provided bo th  numbers ,  and  these 
data were upda ted  in the case of  N p roduc t ion  to 
include N fixation by agricultural  legumes  and 
rice, and  for N O  x emissions (Kaiser 9001). A com- 
parison was not  made  for  dissolved silicate (DSi) 
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Fig. 8. The relat ionship between nitrate concentrat ion (x 
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Turner  et al. (in press). 
not  be soluble, in most  cases, unlike most forms of 
N and P. In order  of increasing percentages they 
were: P < N < C (0.03%, 0.41%, and 0.73%, re- 
spectively). N loading has been increasing in many 
rivers of the world (Howarth et al. 1996; Vitousek 
et al. 1997; Cloern 2001), primarily as the mobile 
nitrate ion (Turner  et al. in press). The global sup- 
ply of new silicate is relatively stable because it is 
primarily de termined  by weathering and dissolu- 
tion, and no t  by h u m a n  activity. Tilman et al. 
(2001) estimated that N and P fertilizer use (gross 
weight) will cont inue to increase by 2.4 and 2.7 
times, respectively, the application rate in 2000. 
This increase is not  equal for N and P when ex- 
pressed on a molar  basis. On  a molar  basis, the 
world's use of N fertilizer each year is 50 times that 
for P fertilizer. These numbers  suggest that P is 
becoming  relatively more  limiting as the world 's  
ecosystems move towards higher  concentra t ions  of 
N and P. The DSi:nitrate ratio should decline and 
the dissolved nitrate:P ratio should increase as N 
loading to aquatic systems continues to rise. These 
changes are already observed in many of the 
world's largest rivers (Fig. 8) and in coastal waters 
over the last 20 years (Rahm et al. 1996; Fisher et 
al. 1988;Justic et al. 1995a, b; del Almo et al. 1997; 
Allen et al. 1998; Correll  et al. 2000; H u m b o r g  et 
al. 2000). As nitrate concentra t ion increases, the 
ratio of dissolved N:P increases above the Redfield 
ratio of 16:1 and below the DSi:nitrate ratio of 1: 
1. With fur ther  similar changes, the disruption of 
the diatom-zooplankton-fish food web is likely to 
occur with greater f iequency and over a larger 
area. 
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Conclus ions  
Descriptions of the biogeochemical  evolution of 
life on Earth indicates that there must  be a balance 
a m o n g  the accumulat ion of many elements, and 
that there is not  just  one master element. Life 
evolved and is sustained by concentra t ing a few rel- 
atively rare elements in the Earth 's  crust into an 
organic matrix with semi-stable elemental ratios. 
These ratios may vary over the short  term and long 
tern: within and among  species, communities,  and 
ecosystems, bur there are long-term bounds  to 
these ratios in life forms that determine the com- 
position of ecosystems and the material flows with- 
in and among  ecosystems. The  examples discussed 
revealed several perspectives of just how sensitive 
plants, microbes, animals, and ecosystems are to 
variations in various elemental  ratios. There  is a 
growing set of empirical evidence demonstrat ing 
how nutr ient  availability and recycling and accu- 
mulat ion are intermingled with the activities of 
many life forms, and that the life forms are diverse 
because of these relationships. In other  words, the 
response to nutr ient  additions and depletions is a 
communi ty  response and involves more  than a sin- 
gle nutrient.  The  response affects many elemental  
ratios and therefore many species. These relation- 
ships have a bearing on how we manage  our  nat- 
ural r e s o u r c e s .  
Some early attempts to manage  aquatic ecosys- 
tems were based on the then-prevalent agricultural 
model  of product ion.  Experiments  in Scotland 
were under taken  during World War II and there- 
after to determine how fish p roduc t ion  in semi- 
enclosed coastal basins responded  to fertilizer ap- 
plications (Nixon et al. 1986). The experiments  
were a success, more  fish were produced.  These 
were simple demonstra t ions  of how nutrients influ- 
enced food webs that is now documen ted  else- 
where. The  model  in these experiments  was an ag- 
ricultural model  of more  fertilizer - more  food. 
Agriculturists have not  s topped doing their exper- 
iments, but they are now much  more  sophisticat- 
e d - t h e y  recognize that today's society is m u c h  
more  complicated than when they started doing 
their experiments  with single nutr ient  additions. 
Farm managemen t  now must be conce rned  about  
nutr ient  runoff,  economics,  hybridization, invasive 
species, pests, species losses, biocide contamina- 
tion, g round  water pollution, etc. Farmers know 
that there is an upper  limit to the positive respons- 
es one nutr ient  has on crop yield and quality, and 
that there is sometimes a negative response. Aquat- 
ic ecosystem m a n a g e m e n t  is at least as complicated 
as farm crop management ,  if only because most 
marine crops are self-seeding, the economic  prod- 
uct is a mixture of prey species, and the major  har- 
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ves t  (u sua l ly  f ish)  m o v e s  t h r o u g h  m a n y  m e d i u m s  
t h r o u g h o u t  t h e i r  cyc le  o f  s p a w n i n g ,  g r o w t h ,  a n d  
h a r v e s t .  
H u m a n  a l t e r a t i o n  o f  s o m e  e l e m e n t a l  f l u x e s  a n d  
d o m i n a t i o n  o f  o t h e r s  m a k e  this  m a n a g e m e n t  t h a t  
m u c h  m o r e  d i f f i cu l t .  W e  m u s t  e x p e c t  t h a t  t h e r e  
a r e  c o n s e q u e n c e s  fo r  h o w  a n d  w h a t  o r g a n i s m s  
a d a p t  to t h e s e  a l t e r a t i o n s ,  n o w  e v i d e n t  in  t h e  sub-  
t le  a n d  s o m e t i m e s  n o t - s o - s u b t l e  c h a n g e s  o f  o r g a n -  
i sm a s s e m b l a g e s .  W e  m a y  f i n d  t h a t  s o m e  d e s i r a b l e  
o r  d e p e n d e n t  i n t e r a c t i o n s  a r e  c o m p r o m i s e d ,  r a t h -  
e r  t h a n  e n h a n c e d ,  as  t h e  g r e a t  g e o c h e m i c a l  e n g i -  
n e e r s ,  h u m a n s ,  a l t e r  e l e m e n t a l  cyc l ing  r a t e s  a n d  
l o c a t i o n s .  S o m e  o f  t h e s e  c o m p r o m i s e s  a r e  o f  im-  
m e d i a t e  s i g n i f i c a n c e ,  e .g. ,  e u t r o p h i c a t i o n ,  t h e  loss  
o f  c h a r i s m a t i c  spec i e s ,  d e v e l o p m e n t  o f  n o x i o u s  
pests ,  a n d  e f f ec t s  o n  m a r k e t  e c o n o m i e s  a n d  h u -  
m a n  h e a l t h .  T h e  r e s u l t  o f  t h e s e  c h a n g e s  m a y  e v e n  
b e  t h e  c r e a t i o n  o f  a l t e r n a t i v e  s t e a d y  s ta tes  w i t h  dis- 
t i nc t i ve ly  d i f f e r e n t  f o o d  webs .  E c o s y s t e m  m o d e l s  
b a s e d  o n  n u t r i e n t  s t o i c h i o m e t r y  f o r  f r e s h w a t e r  
l akes  p r e d i c t  t h e  e x i s t e n c e  o f  a l t e r n a t i n g  h i g h  g raz -  
e r  a n d  g r a z e r - f r e e  s ta tes  w i t h  e u t r o p h i c a t i o n  (An-  
d e r s e n  1997) a n d  m a n i p u l a t i o n s  o f  f ish  b i o m a s s  
c a n  i n f l u e n c e  t h e  p r e s e n c e  o r  a b s e n c e  o f  m a c r o a l -  
gal  a b u n d a n c e  w i t h  c o n s e q u e n t i a l  e f f ec t s  o n  h a b -  
i ta t  s t r u c t u r e  ( S c h e f f e r  1990) .  A n  a s s i d u o u s  a t t e n -  
t i o n  to t h e  m a n a g e m e n t  o f  o n e  s p e c i e s  o r  o n e  el- 
e m e n t  (e .g. ,  N in  coas ta l  sys tems  a n d  P in  fi-esh- 
w a t e r )  m u s t  g i v e  w a y  to t h e  r e a l i t i e s  o f  t h e  
i n t e r d e p e n d e n c i e s  w i t h i n  t h e  h u m a n  r e a h n  a n d  
t h e  e c o s y s t e m  o f  w h i c h  we a r e  a pa r t .  W e  n e e d  n o t  
o n l y  m o r e  e x p e r i m e n t a t i o n  a n d  o b s e r v a t i o n ,  b u t  
also a c o a l e s c e n c e  o f  p e r s p e c t i v e s  t h a t  b r i n g s  to- 
g e t h e r  n a t u r a l  h i s to ry ,  phys ics ,  e n e r g y  f l o w  ana ly-  
ses, a n d  n u t r i e n t  s t o i c h i o l n e t r y  ( a n d  o t h e r s )  i n t o  
an  i n t e g r a t e d  a n d  t e s t a b l e  w h o l e  v i e w  o f  l i fe  (e .g. ,  
Ver i ty  a n d  S m e t a c e k  1996;  D a y t o n  a n d  Sa la  2001) ,  
B e i n g  p r e d i c t a b l e  d o e s  n o t  m e a n  t h a t  c h a n g e s  a r e  
d e s i r a b l e ,  o r  t h a t  s o c i e t a l  b e h a v i o r  will  c h a n g e .  
K n o w i n g  t h e  p a t t e r n s  is p a r t  o f  i n t e l l i g e n t  pa r t i c i -  
p a t i o n  in  t h e  p r o c e s s  o f  a r t f u l  m a n a g e m e n t ,  a n d  
p r o v i d i n g  t h a t  k n o w l e d g e  is a p r o p e r  r o l e  fo r  sci- 
ent is ts .  
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